1. Introduction {#s0005}
===============

Mucopolysaccharidosis VI (MPS VI, OMIM: [253200](253200){#ir0010}), first identified by Maroteaux and Lamy in 1963, is a rare, autosomal recessive lysosomal storage disorder (LSD) [@bb0010]. Estimate of incidence has been determined in only a few countries and it ranges from 0 in Northern Ireland [@bb0015] and 0.04:1,00,000 live births in Poland [@bb0020], to 8:1,00,000 live births in the Eastern Province in Saudi Arabia [@bb0025]. Prevalence, where estimated, ranges from 0 in Northern Ireland [@bb0015] to 1:5000 in Monte Santo county in Northeast Brazil [@bb0030]. Incidence and prevalence in India are yet to be estimated.

MPS VI is caused by mutations in the Arylsulfatase B gene (*ARSB*). The gene codes for the ARSB enzyme, also called N-acetylgalactosamine-4-sulfatase (EC: 3.1.6.12), a member of the human sulfatase family. The enzyme catalyzes the desulfation of C4-linked sulfate esters, a step in the intralysosomal degradation of N-acetyl galactosamine residues in the glycosaminoglycans (GAGs) dermatan sulfate and chondroitin sulfate. Deficient activity of the enzyme leads to accumulation of the GAGs in lysosomes and causes lysosomal dysfunction, and the disease. Dermatan sulfate is present in high amounts in connective tissue, and its accumulation there may explain the bone and joint deformities found in MPS VI patients [@bb0035].

The characteristic clinical symptoms of MPS VI include short stature, coarse facial features, dysostosis multiplex, joint stiffness, respiratory and cardiac abnormalities, enlarged liver and spleen, and clouding of cornea, varying from patient to patient. Patients usually have normal intelligence. Specific treatment options available for this disorder are allogeneic Hematopoietic Stem Cell Transplantation (HSCT) [@bb0040] and Enzyme Replacement Therapy (ERT) [@bb0045].

The *ARSB* gene is located on chromosome 5 (q11--q13) [@bb0050]. It has eight exons. The precursor of the ARSB enzyme has 533 amino acid residues, 36 of which constitute the signal peptide. Study of the crystal structure (PDB code: [1FSU](pdb:1FSU){#ir0015}) of the folded mature form of ARSB (MW 66 kDa) [@bb0055] reveals that the enzyme is a glycoprotein with two domains. The N-terminal domain (Domain 1) belongs to the α/β class and houses the active site. The C-terminal domain (Domain 2), whose function is not known, consists of a β sheet made of four antiparallel β strands and an α helix orthogonal to the sheet [@bb0055]. The active site pocket, located at the base of a cleft in Domain 1, has 10 evolutionarily conserved amino acid residues. The cysteine 91 in the active site undergoes conversion to an aldehyde, 3-oxoalanine (2-amino-3-oxopropanoic acid), also called formylglycine. This post-translational modification is vital for the activity of the enzyme [@bb0060]. A Ca^2 +^ ion, present in the active site, acts as the cofactor and coordinates with seven atoms from the side chain groups of as many active site residues, and two oxygen atoms from the sulfate derivative of formylglycine [@bb0055].

Missense mutations form the largest group among the more than 160 mutations in the *ARSB* gene reported worldwide. Small insertions, splice site mutations, small and gross deletions and frameshift mutations comprise the remainder, according to the Human Gene Mutation Database (HGMD) [@bb0065]. The allelic heterogeneity observed in *ARSB* is high, which might, in part, explain the variable expressivity of MPS VI with respect to age of onset, rate of progression and clinical phenotypes [@bb0070]. Most mutations are "private". Some mutations are common, and a few of them have been attributed to founder effect [@bb0005], [@bb0075], [@bb0080], [@bb0085], [@bb0090], [@bb0095], [@bb0100], [@bb0105], [@bb0110], [@bb0115] ([@bb0100] cited from Abstract). Study of influence of missense mutations on the overall structure and folding of ARSB helps to predict disease severity [@bb0120], [@bb0125]. It might also help in guiding the choice of personalized therapies for individual patients, when more therapies become available.

The present study was initiated to identify mutations in *ARSB* in MPS VI patients in India. Prior to this study, around 160 mutations in *ARSB* have been reported, of which just four were from Indian patients [@bb0005]. Our study has led to the identification of seven mutations, including four novel ones. We also carried out a computational study of the impact of the mutations on the structure of the protein. The mutations seem to affect the structure and function of the enzyme through various mechanisms.

2. Methods {#s0010}
==========

2.1. Approval from bioethics committees {#s0015}
---------------------------------------

Approval for conduct of this study was obtained from the Bioethics Committees of CHG, Bangalore, India and FCRF, Chennai, India. Informed consent was obtained from participants or from their parents or legal guardians.

2.2. Patients and control subjects {#s0020}
----------------------------------

The study covered nine patients (P1--P3 and P5--P10) with MPS VI from eight families (F1--F3 and F5--F9), together with their parents and control subjects. Samples from patients and their parents were collected through two clinical centers in South India, in Chennai and Bangalore, over a period of 2 years and 2 months. Patients were identified as having MPS VI, through assay of activity of ARSB, either during this period or earlier. Clinical phenotypes of patients were recorded. Control subjects, not born of consanguineous parents, were chosen from among individuals with ethnic backgrounds similar to those of patients with the respective novel mutations. Demographic data, family medical history, and blood samples were collected from participants.

2.3. Mutation analysis {#s0025}
----------------------

The term "mutation" is used in this study to describe a disease-causing genetic variation. A "novel" mutation or Variant of Unknown Significance (VUS) refers to a mutation not reported previously. The literature, and databases like HGMD (basic), ClinVar, ENSEMBL, UNIPROT and dbSNP were checked for previously reported mutations or VUS to determine whether a mutation is novel.

Genomic DNA was isolated from blood samples of study participants. The eight exons and exon--intron boundaries of *ARSB* were amplified from DNA samples from patients (except in the case of P9), with primers designed manually or by using *Primer3Plus* [@bb0130]. Mutation in one patient (P9, deceased), from whom sample was not available, was inferred from mutation analysis of DNA samples from his parents. PCR products were subjected to Sanger sequencing. Mutations were confirmed by bi-directional sequencing of products of independent PCR reactions. Samples from parents were analyzed for the presence of the mutations found in patients. To ascertain the pathogenicity of putative novel mutations, we analyzed samples from at least 50 control subjects (i.e., 100 chromosomes).

Differences between nucleotide sequences as observed in our results and the reference sequence of human *ARSB* (GenBank Accession number: [NG_007089.1](ncbi-n:NG_007089.1){#ir0020}) were documented. Variants in the sequence of the gene and predicted sequence of the protein were named according to the guidelines of the Human Genome Variation Society, using human *ARSB* mRNA and protein sequences as references (GenBank Accession numbers: [NM_000046.3](ncbi-n:NM_000046.3){#ir0025} and [NP_000037.2](ncbi-p:NP_000037.2){#ir0030}, respectively).

2.4. Bioinformatics studies {#s0030}
---------------------------

Structural and bioinformatics studies were undertaken to ascertain the effects of mutations found through this study. The bioinformatics tools employed were: MutPred [@bb0135], Polymorphism Phenotyping v2 (PolyPhen-2) [@bb0140], Sorting Tolerant from Intolerant (SIFT) [@bb0145], and Protein Variation Effect Analyzer (PROVEAN) [@bb0150].

Multiple sequence alignment of ARSB in a few vertebrate species was carried out using ClustalW server and plotted using ESPript (Easy Sequencing of Postscript) 3.0 (<http://espript.ibcp.fr>) [@bb0155]. The species and GenBank accession numbers of the ARSB sequences used are: *Homo sapiens* --- [NP_000037.2](ncbi-p:NP_000037.2){#ir0040}, *Canis lupus* --- NP\_[001041598.1](ncbi-p:001041598.1){#ir0045}, *Mus musculus* --- [P50429.3](ncbi-n:P50429.3){#ir0050}, *Anolis carolinensis* --- [XP_008101121.1](ncbi-p:XP_008101121.1){#ir0055} (predicted), *Gallus gallus* --- [XP_003642960.1](ncbi-p:XP_003642960.1){#ir0060} (predicted), *Xenopus tropicalis* --- [XP_002940244.2](ncbi-p:XP_002940244.2){#ir0065} (predicted), and *Danio rerio* --- [XP_003200848.2](ncbi-p:XP_003200848.2){#ir0070} (predicted). Information on the secondary structure of ARSB was inferred from the PDB coordinates (code [1FSU](pdb:1FSU){#ir0075}). Hydropathy bar was calculated using Kyte and Doolittle method with a 3-residue window averaging [@bb0160].

Molecular models of ARSB (based on the crystal structure of wild type ARSB) incorporating the mutations identified were constructed using molecular graphics software suite COOT [@bb0165] ensuring that the side chain rotamers did not create any steric hindrance. Superposition of the molecular structures of the wild type and the mutants, and the intramolecular interactions at the sites of mutations were analyzed using the program PyMol (The PyMOL Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC).

3. Results {#s0035}
==========

3.1. Patients {#s0040}
-------------

The study covered nine MPS VI patients from eight families. One patient (P2) comes from Assam and the rest are from Andhra Pradesh, Karnataka and Tamil Nadu in South India. Five patients are female, and four male. Patients in 6/8 families (75%) were born to consanguineous parents. The present age of the eight patients alive ranges from 2 to 19 years.

3.2. Clinical phenotypes of patients {#s0045}
------------------------------------

Patients had received supportive care and general treatment (such as surgery), and not ERT or HSCT. The presence of extensive Mongolian patches was the only symptom noticed in P7. All other patients had developed the standard clinical symptoms of MPS VI ([Table S1](#ec0005){ref-type="supplementary-material"}) and had short stature, coarse facies, dolichocephaly, hirsutism, corneal clouding, pectus carinatum and brachydactyly. Age of onset of clinical symptoms ranged from 5 months to 5 years. Age at diagnosis ranged from 1 year to 14 years. Time from onset to diagnosis (excluding the preclinical patient P7) ranged from 7 months to 11 years. Disease severity was categorized qualitatively as Attenuated, Moderate or Severe. The following parameters were taken into account to rate disease severity: cardiac and respiratory involvement, ambulation or need for cervical surgery, number of surgeries, disease in joints, and the overall quality of life. Apart from Patient P7, who had not yet developed clinical symptoms, disease severity in patients ranged from Attenuated to Severe ([Table S1](#ec0005){ref-type="supplementary-material"} and [Table 1](#t0005){ref-type="table"}). One patient, P9, had the severe form of the disease. Cardiovascular symptoms were not noticed in two patients, P8 and P10.

A total of seven mutations were found: p.G38_G40del3, p.D53N, p.C91R, p.L98R, p.R160Q p.R315P and p.W450C. Four mutations were located in Exon 1, and one mutation each in Exons 2, 5 and 8 of *ARSB* ([Fig. 1](#f0005){ref-type="fig"}). Six mutations were missense, and one was a small deletion. Four of the mutations are novel: p.G38_G40del3, p.C91R, p.L98R and p.R315P. These were absent in control individuals studied (100 individuals for p.G38_G40del3, p.C91R and p.L98R; and 55 individuals for p.R315P) and in the results of the 1000 Genomes Project. Among the other mutations found by us, two (p.D53N and p.W450C) were previously reported in patients from India [@bb0005] and one (p.R160Q) from outside India [@bb0170]. As expected, the p.D53N mutation was absent in the 100 control individuals whose samples were analyzed for the coding part of Exon 1.

The p.W450C mutation was found in 2/8 families, and all other mutations in one family each. Patients born to consanguineous parents were homozygous for mutations in *ARSB*, as expected. One patient (P2) had a homozygous mutation, even though her parents were not known to be consanguineous. Thus, patients in 7/8 families (88%) had homozygous mutations.

Several VUS and two non-synonymous polymorphisms (p.V358M and p.V376M) [@bb0175], [@bb0180] were found in patients and controls ([Table S3](#ec0005){ref-type="supplementary-material"}). The p.V358M polymorphism has an adverse effect on the activity of wild type ARSB and mutant ARSB, whereas p.V376M does not [@bb0185]. Information on which individual patient has which of the two polymorphisms is given in [Table S2](#ec0005){ref-type="supplementary-material"}. In controls, p.V358M was present in 25/110 alleles analyzed (23%) and p.V376M in 16/110 alleles analyzed (15%).

It may be noted that in parents and controls, unlike in patients, only certain parts of the coding region were sequenced. In parents, only those regions were sequenced in which mutations were found in their children. In controls, only Exon 5 (in 55 individuals) and the coding part of Exon 1 (in 100 individuals) were sequenced, as these are the regions where the novel mutations found in patients are present.

The novel missense mutations are likely to be pathogenic, going by the predictions made by bioinformatics tools used, viz., MutPred, PolyPhen-2, SIFT and PROVEAN. The predicted effects of the mutations on the structure and function of the protein are shown in [Table 2](#t0010){ref-type="table"}. Previously reported mutations, included as positive controls, were also predicted to be pathogenic. Non-synonymous polymorphisms p.V358M and p.V376M, included as negative controls, were predicted to be non-pathogenic by all tools except PolyPhen-2.

3.3. Identification of mutations {#s0050}
--------------------------------

Samples from patients other than P9 and from parents of the deceased patient P9 (from whom sample was not available), were analyzed to identify mutations. A genetic variant is taken to be a mutation if most or all of the following criteria are satisfied: (1) it has been previously reported as a mutation; (2) it is present in the homozygous state, or in the compound heterozygous state with another disease-causing mutation in a patient; (3) it is absent in the homozygous state in parents; (4) it is likely to adversely affect the structure or function of the protein; (5) if the site of the amino acid substitution is highly conserved across vertebrate orthologues; and (6) it is absent in at least 50 control subjects of matched ethnicity (i.e., 100 chromosomes).

Mutations in both *ARSB* alleles were identified in each of seven families, whereas only one heterozygous mutation was identified in Patient 1 (Family 1). The mutations found are represented schematically in [Fig. 1](#f0005){ref-type="fig"}. Detailed information on mutations found, and data on parental consanguinity and ethnicity of patients is provided in [Table 1](#t0005){ref-type="table"}, and chromatograms in [Fig. S1](#ec0005){ref-type="supplementary-material"}. Parents of all patients except P1 were heterozygous for their respective familial mutations in *ARSB* ([Fig. S2](#ec0005){ref-type="supplementary-material"}). Mother of P1 was heterozygous for the mutation identified in P1.

A total of seven mutations were found: p.G38_G40del3, p.D53N, p.C91R, p.L98R, p.R160Q p.R315P and p.W450C. Four mutations were located in Exon 1, and one mutation each in Exons 2, 5 and 8 of *ARSB* ([Fig. 1](#f0005){ref-type="fig"}). Six mutations were missense, and one was a small deletion. Four of the mutations are novel: p.G38_G40del3, p.C91R, p.L98R and p.R315P. These were absent in control individuals studied (100 individuals for p.G38_G40del3, p.C91R and p.L98R; and 55 individuals for p.R315P) and in the results of the 1000 Genomes Project. Among the other mutations found by us, two (p.D53N and p.W450C) were previously reported in patients from India [@bb0005] and one (p.R160Q) from outside India [@bb0170]. As expected, the p.D53N mutation was absent in the 100 control individuals whose samples were analyzed for the coding part of Exon 1.

The p.W450C mutation was found in 2/8 families, and all other mutations in one family each. Patients born to consanguineous parents were homozygous for mutations in *ARSB*, as expected. One patient (P2) had a homozygous mutation, even though her parents were not known to be consanguineous. Thus, patients in 7/8 families (88%) had homozygous mutations.

Several VUS and two non-synonymous polymorphisms (p.V358M and p.V376M) [@bb0175], [@bb0180] were found in patients and controls ([Table S3](#ec0005){ref-type="supplementary-material"}). The p.V358M polymorphism has an adverse effect on the activity of wild type ARSB and mutant ARSB, whereas p.V376M does not [@bb0185]. Information on which individual patient has which of the two polymorphisms is given in [Table S2](#ec0005){ref-type="supplementary-material"}. In controls, p.V358M was present in 25/110 alleles analyzed (23%) and p.V376M in 16/110 alleles analyzed (15%).

It may be noted that in parents and controls, unlike in patients, only certain parts of the coding region were sequenced. In parents, only those regions were sequenced in which mutations were found in their children. In controls, only Exon 5 (in 55 individuals) and the coding part of Exon 1 (in 100 individuals) were sequenced, as these are the regions where the novel mutations found in patients are present.

The novel missense mutations are likely to be pathogenic, going by the predictions made by bioinformatics tools used, viz., MutPred, PolyPhen-2, SIFT and PROVEAN. The predicted effects of the mutations on the structure and function of the protein are shown in [Table 2](#t0010){ref-type="table"}. Previously reported mutations, included as positive controls, were also predicted to be pathogenic. Non-synonymous polymorphisms p.V358M and p.V376M, included as negative controls, were predicted to be non-pathogenic by all tools except PolyPhen-2.

3.4. Evolutionary conservation of sites of mutations {#s0055}
----------------------------------------------------

Multiple sequence alignment of ARSB in the vertebrate species selected for study shows strict conservation of active site residues ([Fig. 2](#f0010){ref-type="fig"}). It is evident from the figure that differences among the sequences are prominent in the signal peptide region and are present to a lower extent between β15 and β16 in Domain 2. It could be seen that with the exception of W450, amino acid residues at which missense mutations were found in this cohort of patients are conserved across all organisms queried. W450 was present in all these organisms except *D. rerio*, which lacks Domain 2. One novel mutation, p.L98R, is in an α-helical region (α2). None of the other mutations occurs at the secondary structure regions.

3.5. Structural effects of the mutations {#s0060}
----------------------------------------

Molecular models of individual mutants were superposed on to the crystal structure of native ARSB [@bb0055] (PDB code: [1FSU](pdb:1FSU){#ir0080}) using the software PyMol. The intramolecular interactions of the native residues were analyzed to decipher the impact of the mutations on the structure of the protein ([Fig. 3](#f0015){ref-type="fig"}). The mutations found by us were not confined to any particular region in the molecular structure of ARSB. In this respect, the set of mutations found by us appear to be fairly representative of mutations in ARSB found across the global population. Six mutations found through this study are in Domain 1 ([Figs. 1](#f0005){ref-type="fig"}, [3](#f0015){ref-type="fig"}). Two of these mutations (p.D53N and p.C91R) are substitutions in active site residues, and interestingly, both have been found only from India so far. One mutation is in Domain 2. Predicted effects of the mutations are discussed below.

### 3.5.1. p.G38_G40del3 {#s0065}

This novel in-frame deletion spanning four codons is amidst runs of the nucleotides G and C. The deletion would cause loss of three amino acid residues, 38--40, which are next to the first residue of the mature enzyme ([Fig. S3](#ec0005){ref-type="supplementary-material"}). This is not expected to have a strong structural impact. Also, post-translational modifications are not known to occur in this region. In some precursor proteins, the region beyond the signal peptide, a part of the mature protein, is important for the cleavage of the signal peptide [@bb0190], [@bb0195]. If this is true of ARSB, the p.G38_G40del3 mutation would adversely influence the maturation of the enzyme. Alternatively, the mutation may exert its effect at the level of mRNA. Disease severity was "attenuated" in patient P10, who is homozygous for this mutation.

### 3.5.2. p.D53N {#s0070}

This active site mutation has been reported previously in an Indian patient [@bb0005]. Structural analysis reveals ([Fig. 3](#f0015){ref-type="fig"}a) that D53 forms a salt bridge with K145, while the carboxyl oxygen atom interacts with the Ca^2 +^ ion present at the active site [@bb0055]. Mutations at the active site residues are expected to result in loss of activity of the enzyme. Due to the presence of a carbonyl group and an amide group in the asparagine residue, the p.D53N mutation would not affect Ca^2 +^ ion coordination at the active site. The hydrogen bonding interaction with K145 would also be retained, though it would not be as strong as the salt bridge in the native structure. The overall geometry of the active site may not change drastically. The only noticeable impact would be the loss of a charged residue at the active site. Disease severity was "moderate" in Patient P5, who is homozygous for this mutation.

### 3.5.3. p.C91R {#s0075}

This novel mutation is at the cysteine residue of ARSB that is highly conserved in the active sites of sulfatases from bacteria to humans [@bb0200]. Sulfatases can become active as a catalyst only if this cysteine residue is converted to formylglycine, by formylglycine-generating enzyme [@bb0205], [@bb0210]. This post-translational modification cannot occur in ARSB if C91 is mutated into an arginine residue. In addition, this mutation might cause other impairments, such as defective intracellular trafficking of ARSB caused by p.C91T, an artificially induced mutation at the same residue [@bb0215]. Two artificially induced substitutions at C91 -- p.C91S and p.C91T -- resulted in loss of enzyme activity [@bb0220]. A different mutation, p.C91Y, has been reported at C91 in an MPS VI patient, in the compound heterozygous state [@bb0020].

Patient P9 had the severe form of the disease, not surprising considering the drastic biochemical effect of this mutation. This patient expired at 10 years of age. His younger brother, who also had MPS VI but was not a subject of this study, expired at two years of age. Prenatal diagnosis and genetic counseling, before the birth of the second child, would have been helpful in this case.

### 3.5.4. p.L98R {#s0080}

In this novel mutation, a neutral, relatively small nonpolar amino acid is replaced by a basic residue with a bulkier side chain group. This substitution would cause steric hindrance at the hydrophobic core of the protein. L98 is located at the helical segment (α2) of the N-terminal domain ([Fig. 3](#f0015){ref-type="fig"}b) and it has hydrophobic interactions with the adjacent β sheet through β1 and β14. Its mutation into a hydrophilic residue would destabilize the fold of the protein. Also, L98 lies adjacent to the active site residue R95. The presence of two basic residues could also disrupt the conformation of the active site. Two other mutations have been reported at L98: p.L98Q and p.L98P. Patients with these substitutions had severe clinical phenotype and rapidly progressing disease, respectively [@bb0075], [@bb0225] (cited from [@bb0230]). The vulnerability of ARSB to substitutions in L98, as in p.L98Q and p.L98P, also supports the pathogenic nature of the p.L98R mutation found through this study. Disease severity was "attenuated" in the patient P2, who is homozygous for the p.L98R mutation.

### 3.5.5. p.R160Q {#s0085}

This mutation was found in the homozygous state in our study, in patient P8. This mutation was previously reported from four unrelated patients, two from Belarus and one each from Russia and Spain, in all of whom it was in the compound heterozygous state [@bb0020], [@bb0090], [@bb0115], [@bb0170]. The R160Q substitution results from a transition in a CpG dinucleotide [@bb0230]. The mechanism of loss of function of the enzyme due to this mutation is not readily evident from the structural perspective, as described previously [@bb0230]. No significant impact is expected, apart from the loss of a charged residue on the surface of the enzyme ([Fig. 3](#f0015){ref-type="fig"}c). Disease severity was "moderate" in P8, who is homozygous for the p.R160Q mutation.

### 3.5.6. p.R315P {#s0090}

The fourth novel mutation was found in R315. As inferred from the crystal structure, R315 forms a salt bridge with D466 and has hydrogen bonding interactions with the main chain carbonyl groups of G448 and E483, stabilizing the inter-domain conformation of the protein. Substitution of R315 by a proline residue would result in a loss of the above interactions, and hence affect inter-domain stability. The guanidium group of R315 is exposed to the solvent surface ([Fig. 3](#f0015){ref-type="fig"}d) while the rest of the groups in the side chain are shielded by three tryptophan residues (W322, W450 and W472) and a phenylalanine (F475) residue. The p.R315P mutation would increase the hydrophobicity of the surface exposed to the solvent. It could thus have an adverse impact on the folding of the protein. Also, proline isomerization (*cis-trans* interconversion) influences the rate of protein folding and affects its conformational rigidity [@bb0235]. The p.R315Q mutation, another missense mutation at R315, resulted in early onset and rapid progression of disease [@bb0075], [@bb0240]. In this light, our finding of the novel mutation p.R315P suggests that ARSB is vulnerable to substitutions at R315. Patient P6 has the "moderate" form of the disease. Her younger sister, P7, has not yet developed clinical symptoms. Early start of ERT or early HSCT would be ideal in her case.

### 3.5.7. p.W450C {#s0095}

In this mutation, a hydrophilic amino acid residue is incorporated in place of a hydrophobic one. W450 is located at the solvent accessible surface shielding the hydrophobic core the protein. Tryptophan residues have a high propensity to be at the juncture of polar and nonpolar regions. Loss of a tryptophan residue at such places, especially when mutated into hydrophilic residues, can cause misfolding of the protein. The side chain of W450 forms a hydrogen bond with E482, ([Fig. 3](#f0015){ref-type="fig"}e) which would not be formed upon substitution by a cysteine residue. Also, introduction of a cysteine residue might lead to the formation of nonspecific disulfide cross-linking during protein folding. Thus p.W450C is expected to have an adverse effect on the folding and structure of ARSB. Disease severity was "attenuated" in Patient P3, who is homozygous for this mutation.

4. Discussion {#s0100}
=============

Findings from this study lend support to the hypothesis that parental consanguinity contributes to occurrence of MPS VI in South India. Of the eight families with MPS VI patients who participated in this study, seven are from South India. The rate of parental consanguinity in these seven families is 86% (6/7 families). This is higher than the background rate of consanguineous marriages (30--38%) in the three South Indian states from which these seven families come [@bb0245], [@bb0250]. In one family (F2), the patient (P2) had homozygous mutations though not born of consanguineous parents. This is surprising, considering that most mutations in *ARSB* are rare and family specific. The reason for this is not clear. This might be because parents may be distantly related, or because certain mutations may be more frequent in some communities or geographic locations. Patients in this study are from varied geographic locations.

In a couple of patients (P8 and P9), MPS VI was diagnosed several years after symptoms first appeared (11 years for P8 and 6 years for P9). Clearly, greater awareness among physicians and patients about MPS VI is essential for early diagnosis and better management of the disease.

In one patient, P1, we could find only one of the two mutations expected to be present. The unlocated mutation might be in regulatory or intronic regions not analyzed during this study, and it may affect synthesis of functional mRNA or regulation of its levels. It could also be of a type of mutation (such as a type of deletion, duplication or translocation) that cannot be detected by the PCR assays used in this study. Levels of mRNA could not be measured as RNA samples from patients were not available.

Genotype--phenotype correlations could not be done because the number of patients was small and most mutations were found in single unrelated families. Further, the disease is still in its early stage in many patients, and the full complement of symptoms may not yet have developed to enable a definitive correlation. Patients would have to be followed up longer to allow disease progression to full term to obtain a true picture of disease severity.

A few different mutations were observed earlier at some of the same sites in *ARSB* in which mutations were found in the present study. For example, all three substitutions at L98 known to date -- p.L98Q, p.L98P, and the novel one p.L98R -- resulted from mutations in c.293T ([Table S4](#ec0005){ref-type="supplementary-material"}). Similarly, both known substitutions at R315 -- the common mutation p.R315Q and the novel one p.R315P -- resulted from mutations in c.944G ([Table S4](#ec0005){ref-type="supplementary-material"}), which is in a CpG dinucleotide [@bb0230]. Together, these facts suggest that c.293T and c.944G of *ARSB* are hot spots for mutations.

Prior to this study, six mutations were known to be present in active site residues of ARSB ([Table S5](#ec0005){ref-type="supplementary-material"}). Identification of p.C91R through this study takes the number to seven. Patients with p.C91R had the severe form of the disease. A mutation similar to p.C91R of ARSB is known to occur at the conserved cysteine residue in the active site of GALNS [@bb0255], a paralogue of ARSB, whose deficient activity is the cause of MPS IVA. The p.C79R mutation in GALNS also results from a T \> C change in the TGC codon, as does p.C91R of ARSB. This substitution in GALNS has also been reported only from India.

We analyzed data available on all mutations known from India to date. Nine mutations have been found so far from MPS VI patients in India. Five of these mutations were found in this study alone, two in the Kantaputra study alone [@bb0005], and two in both studies. Eight of these mutations have been found from this country alone ([Table 3](#t0015){ref-type="table"}). Thus, the mutations in *ARSB* in MPS VI patients in India may be typical of this population. A larger study will provide a clear picture of the mutation spectrum of MPS VI patients in India.

Twelve families with MPS VI patients have been studied from India: eight through this study and four through the Kantaputra study. The p.W450C mutation, present in 4/12 families (33%), is the most common mutation in *ARSB* (found in 2/8 families from this study, and 2/4 families from the Kantaputra study) ([Table 3](#t0015){ref-type="table"}). This mutation, reported so far only from India, may be a common one in this country. Mutations are clustered in either Exon 8 or in the coding region of Exon 1 in 9/12 families (75%) studied from India (6/8 families from this study, and 3/4 families from the Kantaputra study) ([Table 3](#t0015){ref-type="table"}). Identification of regions of the gene which harbor mutations in a large number of families would aid in carrier-testing and DNA-based diagnosis.

New treatment options are being developed by the science community for treatment of LSDs to complement existing ones (like ERT and HSCT for MPS VI). Pharmacological chaperone therapy (PCT) is one such option. PCT has shown promise in some LSDs other than MPS VI [@bb0260], [@bb0265]. In PCT, a small molecule that acts as a specific chaperone enables the proper folding of a mutant enzyme, which would otherwise undergo misfolding. Thus, PCT, used alone or in combination with ERT, would be useful for patients with mutations that only cause misfolding or instability of the enzyme, but not for patients with other types of mutations. Among patients in this study, those with p.R315P or p.W450C may benefit from PCT, in addition to ERT or HSCT. Patients with the active site mutation p.C91R would not benefit from PCT.

Determining the incidence and prevalence of MPS VI, study of natural history of MPS VI, identification of mutations in *ARSB* and study of genotype-correlations in a larger number of patients from this subcontinent would contribute to a better understanding of the MPS VI disorder as a whole. A comprehensive study would help to achieve this.
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![Schematic representation of mutations in *ARSB* identified through this study. Rectangles labeled E1--E8 represent exons, with mutations identified marked above them, novel ones in red, known ones in black. Exon-wise locations of Domains 1 and 2 and the secondary structures in the protein are also shown. The region encoding the signal peptide (aa 1--37), located in Exon 1, is shown as a dark blue stripe to the right of 5′ UTR. Figure not to scale.](gr1){#f0005}

![Multiple sequence alignment of ARSB. Multiple sequence alignment of ARSB of a few vertebrate species including the human. Bold font represents strictly conserved amino acid residues, sites with sequence identities of 70% or more are in maroon. The bar below the sequence block represents the hydropathy plot. Hydrophobic regions are marked in black, hydrophilic ones in gray & the intermediate regions in faint gray. Cysteine residues forming disulfide bridges are shown below the hydropathy bar. Mutations identified through this study are highlighted in green (novel mutations) or cyan (previously reported). The secondary structure depicted on top of the alignment blocks are inferred from the crystal structure of human ARSB (PDB code: [1FSU](pdb:1FSU){#ir0005}). Blue and maroon in the secondary structure cartoon denote the domains 1 and 2, respectively.](gr2){#f0010}

![Three-dimensional structure of ARSB showing the localization of missense mutations identified in this study (represented with ball and stick model). Calcium ion bound at the active site of ARSB is shown as a gray sphere marked \'Ca\'. Novel mutations are shown in red and previously reported ones in yellow ball-and-stick representations. Zoomed in images show the localized interactions of a) p.D53N, b) p.L98R, c) p.R160Q, d) p.R315P, and e) p.W450C. The orientations of the zoomed in structures may not be the same as in the total molecule, and a few residues might have been omitted in them for clarity.](gr3){#f0015}

###### 

Mutations in *ARSB* found in patients, through this study. Mutations, demographic particulars and parental consanguinity of patients are listed. Patients P6 & P7 belong to the same family (F6). Mutations shown in bold font are novel ones. Mutation in the second allele was not found in P1.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Family ID   Patient ID   State\                    Parental consanguinity\   Present Age\   Mutation                                        Disease severity in patient                                
                           (language)                (degree)                  (years)                                                                                                                   
  ----------- ------------ ------------------------- ------------------------- -------------- ----------------------------------------------- ----------------------------- --------------- ------------ ------------
  F1          P1           Tamil Nadu\               No                        19             c.1348G \> C/?                                  p.W450C/?                     Heterozygous    [@bb0005]    Moderate
                           (Tamil/Telugu)                                                                                                                                                                

  F2          P2           Assam\                    No                        7              c.293 T \> G                                    **p.L98R**                    Homozygous      This study   Attenuated
                           (Hindi)                                                                                                                                                                       

  F3          P3           Tamil Nadu\               Yes (4°)                  19             c.1348G \> C                                    p.W450C                       Homozygous      [@bb0005]    Attenuated
                           (Tamil)                                                                                                                                                                       

  F5          P5           Andhra Pradesh (Telugu)   Yes (2°)                  6              c.157G \> A                                     p.D53N                        Homozygous      [@bb0005]    Moderate

  F6          P6           Karnataka\                Yes (5°)                  4              c.944G \> C                                     **p.R315P**                   Homozygous      This study   Moderate
                           (Kannada)                                                                                                                                                                     

  F6          P7           Karnataka\                Yes (5°)                  2              c.944G \> C                                     **p.R315P**                   Homozygous      This study   NA
                           (Kannada)                                                                                                                                                                     

  F7          P8           Karnataka\                Yes (3°)                  16             c.479G \> A                                     p.R160Q                       Homozygous      [@bb0170]    Moderate
                           (Kannada)                                                                                                                                                                     

  F8          P9           Andhra Pradesh\           Yes (3°)                  Deceased       c.271 T \> C[a](#tf0005){ref-type="table-fn"}   **p.C91R^a^**                 Homozygous^a^   This study   Severe
                           (Telugu)                                                                                                                                                                      

  F9          P10          Tamil Nadu\               Yes (3°)                  7              c.113_121del9                                   **p.G38_G40del3**             Homozygous      This study   Attenuated
                           (Tamil)                                                                                                                                                                       
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

NA = Not applicable. Patient P7, who is homozygous for her familial *ARSB* mutation, has not yet developed clinical symptoms of the disease. Patient P4 (F4) was not a subject of this study. Refer to Section [3.2](#s0045){ref-type="sec"} for the parameters used to rate disease severity.

Mutation inferred from genotypes of parents.

###### 

Effect of the missense mutations and non-synonymous polymorphisms on the structure and function of ARSB, as predicted by use of bioinformatics tools. Novel mutations are in bold font. Non-synonymous polymorphisms, used as negative controls, are italicized. Scores in bold indicate non-deleterious. All the mutations are likely to be pathogenic, based on predictions by all the tools used. The non-synonymous polymorphisms are not likely to be so, based on predictions by all tools except PolyPhen-2. In MutPred, probability \> 0.75 is considered a "very confident hypothesis" for a mutation to be causative of disease. In PolyPhen-2, the scores for neutral to damaging range from 0 to 1, with 1 being "probably damaging". According to SIFT, a mutation is "damaging" if the score is ≤ 0.05 and tolerated if the score is \> 0.05. In PROVEAN, an amino acid substitution with a score \< − 2.5 is deleterious.

  -----------------------------------------------------------------------------------------------------
  Mutation/\     Scores obtained through use of bioinformatics tools                      
  polymorphism                                                                            
  -------------- ----------------------------------------------------- ------- ---------- -------------
  p.D53N         0.914                                                 1.000   0.00       − 4.413

  **p.C91R**     0.927                                                 1.000   0.00       − 10.563

  **p.L98R**     0.900                                                 1.000   0.00       − 5.193

  p.R160Q        0.883                                                 1.000   0.05       − 3.981

  **p.R315P**    0.790                                                 1.000   0.00       − 6.633

  p.W450C        0.798                                                 1.000   0.15       − 10.605

  *p.V358M*      **0.148**                                             0.997   **0.06**   **− 2.178**

  *p.V376M*      **0.213**                                             0.831   **0.37**   **− 1.159**
  -----------------------------------------------------------------------------------------------------

###### 

*ARSB* mutations found from India. The table summarizes the exonic distribution of the mutations found from India, and the studies through which they were found. "+" indicates that mutation was found through a particular study, and "**−**" indicates mutation was not found through a particular study. The p.R160Q mutation was first reported from outside India. Families F1--F3 (Patients P1--P3) and F5--F9 (Patients P5--P10) were participants in this study. Families FA--FD refer to families from India in the earlier study [@bb0005].

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Serial no.   Mutation        Exon   No. of families in India   Families in India in which the mutations were found   This study   Kantaputra Study [@bb0005]   Studies from outside India
  ------------ --------------- ------ -------------------------- ----------------------------------------------------- ------------ ---------------------------- ----------------------------
  1            p.G38_G40del3   1      1                          F9 (P10)                                              \+           −                            −

  2            p.D53N          1      2                          F5 (P5), FD (PD)                                      \+           \+                           −

  3            p.C91R          1      1                          F8 (P9)                                               \+           −                            −

  4            p.L98R          1      1                          F2 (P2)                                               \+           −                            −

  5            c.1208delC\     1      1                          FA (PA)                                               −            \+                           −
               (p.Ser403fs)                                                                                                                                      

  6            p.R160Q         2      1                          F7 (P8)                                               \+           −                            \+

  7            p.R315P         5      1                          F6 (P6, P7)                                           \+           −                            −

  8            p.P445L         7      1                          FB (PB)                                               −            \+                           −

  9            p.W450C         8      4                          F3 (P3), F1 (P1), FB (PB), FC (PC)                    \+           \+                           −
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
